ABSTRACT: The two-photon absorption (2PA) spectrum of an organic single crystal is reported. The crystal is grown by self-nucleation of a subsaturated hot solution of acetonitrile, and is composed of an asymmetrical donor-π-acceptor cyanine-like dye molecule. To our knowledge, this is the first report of the 2PA spectrum of single crystals made from a cyanine-like dye. The linear and nonlinear properties of the single crystalline material are investigated and compared with the molecular properties of a toluene solution of its monomeric form. The maximum polarization-dependent 2PA coefficient of the single crystal is 52 ± 9 cm/GW, which is more than twice as large as that for the inorganic semiconductor CdTe with a similar absorption edge. The optical properties, linear and nonlinear, are strongly dependent upon incident polarization due to anisotropic molecular packing. X-ray diffraction analysis shows π-stacking dimers formation in the crystal, similar to H-aggregates. Quantum chemical calculations demonstrate that this dimerization leads to the splitting of the energy bands and the appearance of new red-shifted 2PA bands when compared to the solution of monomers. This trend is opposite to the blue shift in the linear absorption spectra upon Haggregation.
T wo-photon absorption (2PA), an instantaneous χ (3) optical nonlinear process, has potential applications in microfabrication, 1, 2 optical data storage, 3 optical limiting, 4 microscopic imaging, 5 and upconverted emission for laser applications. 6−8 The search for large 2PA materials spans from bulk solid-state materials (e.g., semiconductors 9 ), to engineered nanostructured materials (e.g., semiconductor quantum dots 10 ), and to organic molecules. 11, 12 Organic molecules possess the advantage of greater degrees of freedom in custom material design and fabrication. With the capability to enhance nonlinear optical properties by directional modification of their molecular structures, cyanine-like dyes exhibit a linear extended π-conjugated system with π-electrons delocalized along the molecular backbone. They often manifest very large (up to 20 D 13 ) transition dipole moments that can induce strong optical nonlinearities at the molecular level. Substitution with different end groups, i.e., electron donors (D) or electron acceptors (A), yields different structural architectures: symmetrical quadrupolar D-π-D 14 (or D-π-A-π-D), A-π-A 13 (or A-π-D-π-A), or asymmetrical dipolar D-π-A 15 (or push−pull) dyes demonstrating different optical properties. Significant effort is presently devoted to understanding the structure− property relations of these compounds to enhance molecular nonlinearities. 16 2PA cross sections, as large as 33 000 GM, have been obtained for extended bis(donor) squaraines. 17 However, these measurements have been conducted mainly in isotropic solutions with relatively small concentration (<10 −3 M) in order to measure the intrinsic 2PA without introducing complications from various types of aggregation. In spite of significant progress in determining the main criteria for a predictive capability for nonlinear molecular properties, 16 there are still many remaining questions concerning what happens in the solid crystalline materials arising from strong molecular interactions. Despite the difficulties in growing single organic crystals of the size and optical quality required for nonlinear characterization, there are quite a few reports on the 2PA properties of organic materials in the solid phase. 18−22 One of very few examples showing a 2PA spectrum of single crystals of a conjugated polymer is poly[bis(p-toluene sulfonate) of 2,4-hexadiyne-1,6-diol] or PTS, 18 where the extremely large 2PA coefficient (up to 700 cm/GW) originates from the long π-conjugation chain, making it essentially a molecular quantum wire. Another report studied the two-photon excited emission properties of a single crystal made of cyano-substituted oligo(pphenylenevinylene), 19 which shows strong anisotropy of the single crystal due to directional molecular packing. Similar polarization-dependent anisotropy in two-photon excited fluorescence and second-harmonic generation is also observed for single organic nanocrystals, which show enhanced optical nonlinearities. 20−22 However, no direct measurement of the 2PA spectrum of a single crystal cyanine-dye has been reported.
Here we report the degenerate 2PA (D-2PA) and nondegenerate 2PA (ND-2PA) spectrum, both linear and nonlinear anisotropy, X-ray diffraction analysis, and quantum chemical calculations of an organic single crystal composed of an asymmetrical cyanine-like D-π-A molecule. In this work, we utilize a simple solute precipitation technique in a hot subsaturated monomeric solution to promote crystal formation. Unlike the polymeric crystal growth described in ref 18 , no polymerization is involved before, during, or after the growth process, which has been shown to result in inhomogeneous and multidomains of the crystal requiring further processing, such as annealing. 18 Such crystal growth processes without polymerization allow for a valid comparison between the single crystal form and the monomeric form in solution to identify the differences in the nonlinear spectroscopic properties. To the best of our knowledge, this is the first report of the 2PA spectrum of single crystals made from a cyanine-like dye.
The molecular structure of the D-π-A dye is shown in Figure  1a . The chemical name is
The linear and nonlinear optical properties of this dye in solutions of different polarity, including a study of a series of these dyes having different conjugation lengths with identical end groups, has been reported by us previously. 15 A description of the crystal growth technique is presented in the Experimental Section. Figure 1b ,c exhibits optical micrographs of a single crystal showing the lateral dimensions of 1.5 × 1 mm 2 and a thickness of ∼370 μm. These images show the sharp facets and parallel surfaces suitable for optical measurements. The upper left corner of the crystal (Figure 1b ) was damaged during mounting the sample before the measurements. The linear absorption spectrum of the solution form of G19 is shown in panel d and is composed of an intense cyanine-like band attributed to the S 0 →S 1 transition, and weak linear absorption in the visible and UV region corresponding to absorption to higher excited states, S 0 →S n . The S 0 →S 1 absorption peak is located at 2.17 eV (572 nm) and has a large extinction coefficient in toluene of 2.28 × 10 5 M −1 cm −1 (transition dipole moment of ∼12. 6 D 15 ). The linear transmittance spectrum of the single crystal using unpolarized light is shown in the inset of Figure 1d . The one-photon absorption (1PA) edge is ∼1.55 eV (800 nm). We also measured the linear transmittance spectra of this single crystal using polarized light with the polarization angle θ indicated in Figure 1b . We observed a large variation of transmittance and a slight shift of the 1PA edge with θ. Between 1.38 and 1.46 eV (850−900 nm) where the single crystal has a relatively small absorption, the lowest transmittance (∼50%) is observed at θ = 45°, whereas the highest transmittance (∼70%) is at θ = 135°. We assume that the variation of transmittance within the transparency range (<1.46 eV, or >850 nm) is mainly due to a polarization angle dependent refractive index leading to different reflection loss on both front and rear (100) surfaces of the single crystal; however, since there are inhomogeneities on the crystal surface, we cannot exclude the possibility that slight displacement of the probing spot position caused by rotation of a calcite polarizer may also induce transmittance change. Assuming no scattering loss, the reflection loss on each surface is ∼21% determined by unpolarized light at 1.30 eV (950 nm) at normal incidence. By applying the Fresnel reflection law, we can estimate the averaged refractive index of the crystal to be ∼2.7. The linear absorption peak for the crystal cannot be resolved due to the extremely large absorption coefficient and sample thickness. We also measured the reflection spectra of the single crystal with incident light polarized at θ = 45°, 90°, and 135°using reflection microscopy, as shown in Figure S1 . The reflectivity at θ = 45°shows a large difference compared to θ = 135°. Also, only at θ = 45°and 135°is the polarization of the reflected light maintained. This indicates the alignment of the optic axis. The sinusoidal variation of reflectivity with respect to θ is shown in the inset of Figure S1 in the Supporting Information. Additionally, reflection microscopy and microellipsometery were unsuccessful in determining the peak linear absorption and refractive index of the single crystal due to its small size and probable complex reflection spectrum possibly containing real and imaginary parts of the linear permittivity.
To demonstrate the strong anisotropy of the spectroscopic characteristics of single crystal, we measured the polarizationdependent ND-2PA by a femtosecond copolarized excite-probe technique with an excitation and probe photon energy of 1.46 eV (corresponding to an excitation wavelength of 850 nm) and 1.30 eV (probe at 950 nm), respectively. Both the excitation and probe photon energies are below the linear absorption edge of the crystal. The corresponding ND-2PA coefficient, α 2 ND , is calculated from dI p /dz = −2α 2 ND I ex I p , where, I ex and I p are the irradiances of the excitation and probe beams, respectively. We record the linear transmittance (T L ) of the probe beam in the absence of excitation, and compare it with the nonlinear transmittance change (defined as (T L − T NL )/T L ) of the probe beam as a function of its polarization angle θ (see Figure 1b) at zero temporal delay. Since the polarization angle is adjusted by rotating the half-wave plate placed in front of the crystal, no translation of the probe and pump beam is induced. Figure 2 shows the angular dependence of the linear transmittance and nonlinear transmittance change of the single crystal at probe photon energy 1.30 eV (950 nm), ∼0.25 eV below the absorption edge. The linear transmittance reaches a minimum at ∼45°, and a maximum at ∼135°with respect to the long crystal growth facet as shown in Figure 1b . Since the linear absorption at the probe wavelength 950 nm is small (the losses of linear transmittance are due to Fresnel reflection and scattering), the minimum of the linear transmittance at θ ≈ 45°s uggests the largest refractive index, i.e., the largest linear polarizability of the crystal. The maximum nonlinear transmittance change is observed at θ = 45 ± 5°, and corresponds to α 2 ND = 50 ± 8 cm/GW, while the minimum, corresponding to α 2 ND = 14 ± 1.6 cm/GW, is observed at θ = 135 ± 5°. This observation is similar to the polarization angle dependent twophoton excited fluorescence of the single crystal made of cyanosubstituted oligo(p-phenylenevinylene) discussed in ref 23 , of which the fluorescence intensity is proportional to the 2PA coefficient at the corresponding polarization angle. Although the linear and nonlinear transmittance may vary with different spot positions on the sample due to surface defects, the coincidence of the angle for maximum nonlinear transmittance change with the angle for minimum linear transmittance of the probe beam reconfirms the orientation of the optic axis of the G19 crystal along the θ ≈ 45°direction, which is also the direction of largest optical nonlinearity. The ND-2PA exciteprobe data are shown in Figure S2 (a) in the Supporting Information. By changing the probe wavelength, but keeping the excite photon energy fixed at 1.46 eV (850 nm), we also measured the ND-2PA spectrum at θ = 45°shown in Figure 3 . A 2PA band is resolved with a peak transition at ∼2.76 eV (excitation at 900 nm), which will be discussed in detail with the following experiments.
The D-2PA spectrum of the G19 single crystal is measured by open-aperture Z-scan with femtosecond pulses over the photon energy range from 0.87 to 1.44 eV (860−1425 nm), corresponding to two-photon transitions between 1.74 and 2.88 eV. The beam is polarized at θ = 45 ± 5°to the crystal edge (as indicated in Figure 1b) , at which angle the 2PA is maximized and the polarization state of the transmitted light is observed to be linear for all wavelengths studied. Figure 3 shows the resulting 2PA spectrum. We observe the strongest 2PA band from 2.61 to 2.88 eV (excitation from 860 to 950 nm) (marked as (1) in Figure 3 ) with a peak D-2PA coefficient (α 2 ) of 52 ± 9 cm/GW at the summed photon energy of 2.76 eV (corresponding to a D-2PA excitation at 900 nm). The D-2PA spectral shape over this wavelength range is consistent with the ND-2PA spectrum measured by the excite-probe technique. The Z-scan data at 2.76 eV (excitation at 900 nm) is shown in Figure S1 , where E g is the bandgap of the solid.
24 Therefore, to demonstrate the strong nonlinearity of the organic single crystal we compare the G19 single crystal, with an absorption edge of 1.55 eV (800 nm), to CdTe with a bandgap of 1.44 eV (861 nm). 25 The D-2PA coefficient is ∼2.5× larger than the bulk semiconductor CdTe (α 2 = 21 ± 3 cm/GW at an excitation of 900 nm). 24 The largest 2PA band for the crystal is red-shifted by ∼0.25 eV (∼70 nm) compared to that of the corresponding toluene solution (also shown in Figure 3 ). By estimating the number density of molecules of the G19 crystal, determined by X-ray analysis (see unit cell deduced in Figure 4a ), the average D-2PA cross section of an individual molecule in the single crystal at 2.76 eV is ∼690 GM, which is approximately 4× smaller than the 2PA peak in the solution. Given that the 2PA cross section in isotropic solution is averaged by a factor of 5 due to the random orientation of solute molecules, 26 the reduction of the 2PA cross section in the crystal is ∼20×. This is presumably due to strong molecular interactions between the closely spaced molecules in the crystal, as well as the different orientations of molecules inside the crystal unit cell (see Figure 4a) . The positions of the next two lower energy 2PA bands (see Figure 3 , labeled (2) and (3)) in the crystal are located at ∼2.05 eV (excitation at ∼1210 nm) and ∼1.86 eV (excitation at ∼1330 nm) with a peak α 2 of 5.5 ± 1.5 cm/GW and 3 ± 0.6 cm/GW, respectively. Figure 3 compares the spectral positions of the 2PA bands in the monomeric form to that of the single crystal. Note that we measure a 2PA cross section for the solution and a bulk 2PA coefficient for the crystal, so direct comparison of the 2PA magnitudes is avoided here due to the complex relative molecular orientation pattern in crystal (see Figure 4a) . The D-2PA spectrum of the monomeric form in toluene, a low polarity solvent, exhibits three 2PA bands, as shown in Figure 3: (1) the first 2PA band between 2.75 -3.31 eV (labeled as (1′) in Figure  3 ) with peak cross-section of ∼3000 GM corresponding to a 2PA-allowed transition into the S 2 state; (2) a smaller 2PA band is observed between 2.25 -2.61 eV (labeled as (2′) in Figure 3 ) with a peak cross-section of ∼500 GM that is due to the vibrational coupling between S 1 and its vibrational mode; and (3) the strongest 2PA band related with a 2PA-allowed transition into higher-lying excited states (>3.5 eV), which cannot be fully resolved due to the onset of the 1PA edge. The origins of these 2PA bands in toluene is described in more detail in our previous paper. 15 To help explain the origin of the 2PA bands in the single crystal, we analyze the structure with X-ray diffraction analyses at ∼100 K. The crystal is orthorhombic, with space group Pbca, and unit cell parameters a = 15.861(2), b = 16.382 (2) , and c = 18.465(2) Å (Figure 4a ). Crystallographic evaluation of the G19 morphology revealed that the most developed face of the crystal (shown in Figure 1b) corresponds to (100), i.e., perpendicular to crystallographic axis oa shown in Figure 4a . By counting the number of molecules in the unit cell and calculating the volume of the unit cell, we estimate the number density of molecules of the crystal is ∼1.7 × 10 21 cm −3 (2.8 Mol L
−1
). All the molecules in the crystal are symmetrically equivalent. They form centrosymmetric π-stacking dimers (one is shown in Figure 4a ) with a separation between the molecular planes of ∼3.38 Å. It has been shown that intermolecular interactions can alter the spectral properties significantly, 27, 28 and that the crystalline environment, in turn, may enhance the intermolecular interactions. 29, 30 In order to understand the optical properties of the crystal, we perform quantum chemical calculations using the standard TD-B3LYP/ 6-31G** method as implemented in the Gaussian 2003 suite of programs. 31 Our calculations indicate strong electronic coupling (c.a. 0.32 eV) between the molecules in one dimer (Figure 4c ). Each unit cell in the crystal contains four such dimers in different orientations. Our calculations also show that the electronic coupling between the molecules in the adjacent dimers are only 3% compare to that inside the dimer (c.a. 0.01 eV). Therefore, the optical properties of the crystal are expected to be similar to the properties of the molecular dimers, slightly perturbed by the crystalline environment. In order to predict the absorption anisotropy, the angular dependence of the absorption by the molecular dimer needs to be averaged over the four specific orientations observed in the unit cell. However, this extends beyond the scope of the present work.
Quantum chemical calculations also reveal a different origin of 2PA in the solid state as compared to its monomeric form in solution. Results are shown schematically in Figure 4c and presented in Table 1 . In the monomeric form, the main linear absorption peak is dominated by the highest occupied molecular orbital to lowest unoccupied molecular orbital (HOMO→LUMO) transition, and the strongest 2PA band (labeled (1′) in Figure 3 ) corresponds to the HOMO-1→ LUMO transition. Dimerization around the center of symmetry (C i ) leads to a splitting of each electronic energy level into two: in-phase and out-of-phase linear combinations with opposite parities (HOMO + and HOMO − ; LUMO + and LUMO − ; etc.) as shown in Figure 4c .
As a result, all electronic transitions in the dimer become mixed and split (mixed meaning "+" and "−" combinations, and split referring to an energy separation between these two combinations). According to our calculations (see Table 1 ), there are four transitions in the dimer generated by 1PA transitions S 0 →S 1 in each monomer: two allowed A g →B u (with different oscillator strengths) and two forbidden A g →A g transitions with zero oscillator strength. Both allowed transitions A g →B u are formed by "+" and "−" combinations of HOMO + →LUMO − and HOMO − →LUMO + transitions. Both forbidden transitions A g →A g are formed by "+" and "−" combinations of HOMO + →LUMO + and HOMO − →LUMO − transitions. These transitions (with final states A g− and A g+ ) are red-shifted relative to the monomeric absorption peak S 0 →S 1 and may be allowed in 2PA transitions due to the same parity of these two states as defined by selection rules. We suggest that these calculated A g →A g transitions correspond to the experimental 2PA bands with peak positions at 2.05 eV (excitation at 1210 nm) and 1.86 eV (excitation at 1330 nm), labeled as (2) and (3) in Figure 3 . The next four transitions shown in Table 1 are derived from 2PA transitions, S 0 →S 2 , in each monomer. They correspond to two allowed A g →B u (also with different oscillator strengths) and two forbidden A g →A g transitions. In our 2PA measurements, we can observe only one band at longer wavelengths with a final state of A g− symmetry. The A g →A g transition (with a final state of A g+ symmetry) corresponding to the shorter wavelength cannot be observed due to the close proximity of the 1PA edge.
On the basis of the quantum chemical calculations, we conclude that the dimer's three transitions S 0 →S 1 , S 0 →S 3 , and S 0 →S 6 are 2PA allowed given that the parities of the states are the same. They are labeled as (3), (2) , and (1) in Figure 3 , respectively. Note that the 2PA transition S 0 →S 6 in the dimer is the combination of (HOMO-1) + →LUMO + and (HOMO-1) − →LUMO − , similar to the strongest 2PA transition (S 0 →S 2 ) in the monomer corresponding to HOMO−1→LUMO. Therefore, the 2PA transition in the dimer (labeled as (1) in Figure 3 ) adopts the same configuration, but slightly red-shifts in spectral position with respect to the monomer 2PA transition (labeled as (1′) in Figure 3 ). The two other 2PA transitions of the dimer (labeled as (2) and (3) in Figure 3 ) are different and correspond to the combination of HOMO − → LUMO − and HOMO + →LUMO + . These 2PA bands are strongly red-shifted with respect to the HOMO→LUMO transition in the monomer. Thus, while the π-stacking dimers are similar to H-aggregates, they lead to a red shift in 2PA transition, which is opposite to the well-known blue shift in linear spectra upon formation of H-aggregates. 32 In conclusion, we report the 2PA spectrum of a D-π-A cyanine-like dye G19 single crystal with a strong polarizationdependent anisotropy in both linear and nonlinear optical properties. The maximum 2PA coefficient, 52 ± 9 cm/GW, measured at 2.76 eV (excitation at 900 nm) with the polarization angle 45°with respect to one crystal facet, is ∼2.5× larger than that of a bulk inorganic semiconductor, CdTe, having a similar absorption edge, although the averaged 2PA cross section in the crystal is 20× less than that extrapolated from its toluene solution due to strong 
■ EXPERIMENTAL SECTION
The synthesis of G19 is described in ref 33. A solution growth technique by self-nucleation of a slightly subsaturated hot solution of acetonitrile was utilized to obtain single crystals. This subsaturated solution was prepared with a temperature just below the solvent boiling points (82°C). It was then sealed and placed in a hot water bath inside a vacuum Dewar to allow slow cooling to room temperature in order to promote single crystal formation. A standard microscope (Olympus BX51) captured the image of the single crystal with a digital camera, and dimension scales were calibrated against a standard micrometer (see Figure 1b) . The same microscope was also used to measure the reflection spectra of the single crystal. The linear transmittance of the G19 crystal under unpolarized illumination was measured by an Ocean Optics spectrometer USB4000-UV−vis with a tungsten−halogen white light source Oriel 66184. The polarization angledependent linear transmittance spectra were measured by placing an uncoated calcite polarizer in front of the sample. The spot size of the light beam was restricted to ∼300−500 μm in order to under-fill the sample. X-ray diffraction analysis at ∼100 K was performed on a Bruker Smart ApexII X-ray diffractometer. Details of the X-ray experiment and the obtained crystallographic data are presented in CIF format in the Supporting Information.
The ND-2PA spectrum of the G19 crystal was obtained using a conventional femtosecond excite-probe technique 34 employing an optical parametric generator/amplifier (OPA/ OPG, model TOPAS-800 pumped by Clark-MXR CPA-2010 at a 1 kHz repetition rate) as the tunable excitation source (300 nm to 2.6 μm). A small portion of the fundamental laser pulse was focused into a 1 cm water cell to generate a white-lightcontinuum probe. The wavelength of the probe beam was selected by interference filters of sufficient bandwidth to transmit ∼140 fs pulses verified by ND-2PA excite-probe experiments. The spot size of the probe beam was set to be ∼6× smaller than that of the excitation beam with an angle of ∼5−10°between the beams to ensure the probe experienced a homogeneous excitation irradiance. The polarization angle was determined by rotating a half-wave plate in front of the sample. Both excitation and probe beams were kept copolarized, i.e., they were linearly polarized at the same angle θ. To measure the polarization angle dependence of the linear transmittance of the crystal, the excitation beam was blocked, and the transmitted probe beam at 1.30 eV (950 nm) was measured.
The D-2PA spectrum of the crystal was measured with the same femtosecond laser as previously stated by an openaperture Z-scan. 35 Bulk semiconductors of CdSe and CdTe were used as reference samples to characterize and verify the setup and accuracy, respectively. 24 Special care was taken to make sure that the laser beam was exciting the same spot on the crystal for all Z-scan measurements. The Z-scan curves showed a background due to sample inhomogeneities and/or surface irregularities that were subtracted using the technique described in detail in ref 35. ■ ASSOCIATED CONTENT
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